ABSTRACT Energy router is an intelligent power electronic device that can realize the active management of power flow and provide convenient access to distributed energy resource. This paper presents the structure of an AC-DC hybrid multi-port energy router, which acts as the interface between the power consumer and the distribution network. The corresponding coordinated control strategy is developed to guarantee the regular operation of the energy router and a mode switch strategy with advanced compensation is proposed to achieve seamless transition between grid-connected mode and islanded mode. A novel and practical fuzzy logic controller considering unit-time electricity charge is proposed for the energy router to prolong battery life, to improve economic benefits of power consumers, and to smooth fluctuations of renewable energy generation or load consumption. The simulation and experimental results have validated the coordinated control and energy management strategies and demonstrated that the energy router has satisfactory performance.
I. INTRODUCTION
Recently, due to the shortage of fossil energy and the demand for sustainable development, much attention has been paid to the development and utilization of renewable energy resource. The concept of energy internet (EI) [1] has been widely concerned, which is aimed to build a new intelligent system with the integration of distributed energy resource (DER) and the existing smart grid [2] . With the rapid increase of DERs in the power system, if large-scale DERs access to the distribution network dispersedly, it will have a severe impact on the security and quality of network operation in view of the decentralization, randomness, and intermittence of DERs. Meanwhile, multiform and high-reliable power supply is required to satisfy the demands of power consumers, which is a difficulty for traditional distribution
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ER, also called power router [5] and digital grid router [6] , is the key equipment to build the EI [7] . The structure of ER is developed from solid state transformer (SST) [8] . Based on the functions of SST, ERs also need to achieve the intelligent management and real-time communication of the smart grid, DERs, and loads. Benefiting from the progress in power electronics and communication technology, ERs are developing rapidly and showing attractive features in power quality control [9] , AC-DC hybrid distribution [10] , active management of bidirectional power flows [11] , convenient access to DERs [12] , [13] , energy management optimization [14] , [15] , etc. It appears that ERs can play an important role in the future smart grid.
In view of the expensive cost and large volume of the whole device, it will take a long time for ERs to be widely used in high-voltage distribution network. However, there VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ already have practical application prospects for ERs in low-voltage distribution network. For power consumers in low-voltage load areas (e.g., households, companies, farms), more requirements for power supply are put forward, including high power supply reliability, high power quality, and various forms of electric energy. Moreover, with the development of DERs, power consumers can be not only consumers but also producers [6] . The application of ERs in low-voltage distribution network will meet the demands of power consumers, and make full use of DER to achieve economic benefits. Some literatures have investigated the application of ER in low-voltage distribution network in recent years. Literature [16] proposed a multiple hierarchic structure of the fully flexible power distribution system based on ERs, and pointed out that ERs will be the key equipment for building the EI. Literature [17] presented an ER-based interconnecting framework for microgrids with the consideration of energy complements between different microgrids. Literature [18] introduced a multiple microgrids framework constructed by an ER and proposed the corresponding control strategy including trading mechanism and price stimulation mechanism. However, the structures presented in [16] - [18] lack the support of experimental results. Literature [10] introduced the design and implementation of a multi-port ER of which the performance was verified by experiments. Literature [19] introduced a household ER that is suitable for low-voltage and small-capacity load area and presented the corresponding mathematical model and control strategy. Literature [20] discussed the different operation modes of the ER and validate the design of a single phase ER by simulations and experimental results. Nevertheless, no energy storage device is included in the ERs presented in [10] , [19] , and [20] , and there is no discussion on the energy management strategy of ERs. Considering that the energy storage device can support the regular operation of ERs in islanded mode and achieve energy distribution optimization in grid-connected mode, the energy storage device should be an essential component of ERs, and it is necessary to study the energy management strategy that is suitable for ERs in low-voltage distribution network.
Based on ERs, a hybrid energy system integrating DERs and energy storage devices can be developed. Literatures [21] , [22] give the review of energy management strategies for hybrid energy system. Hereinto, fuzzy logic controller (FLC) has been shown to be an effective and uncomplicated solution for solving multi-objective problems, which is appropriate for energy management design of ERs. Generally, the state of charge (SOC) of battery and net power flow are chosen as the two input variables of FLC for hybrid renewable energy system [23] - [26] . However, the electricity price is neglected in the design of FLC in [23] - [26] , which should be a major consideration for ERs in low-voltage distribution network because power consumers attach great importance to economic benefits. Literature [27] employs electricity price as the third input variable of FLC to minimize the operational cost.
Nevertheless, a FLC with three input variables is complicated in design and calculation, which is not suitable for actual device.
In this paper, an AC-DC hybrid multi-port energy router (MER) is presented for low-voltage small-capacity areas, which acts as the interface between the power consumer and the distribution network. The operation modes of the MER are classified, and the coordinated control strategy is developed for the MER to ensure the regular operation under different modes. A mode switch strategy with advanced compensation is proposed to achieve seamless transition between grid-connected mode and islanded mode. A FLC considering unit-time electricity charge is proposed for the MER to obtain the desired charging/discharging state of energy battery in grid-connected mode, which is a comprehensive optimization solution for prolonging battery life, improving economic benefits of power consumers, and smoothing fluctuations of renewable energy generation or load consumption. The simulation and experimental results have validated the proposed coordinated control and energy management strategies, showing that the MER has satisfactory performance.
II. CONCEPT OF MER A. MER-BASED ENERGY SUBNET
In this paper, the term ''energy subnet'' is used to describe the system constructed by the MER, which is oriented to power consumers in low-voltage distribution network. The MER-based energy subnet consists of the MER, distribution grid, energy storage (ES) battery, distributed generation (DG), distributed energy storage (DES), load, microgrid, and intelligent power switch (IPS). Fig. 1 shows the framework of MER-based energy subnet, where the MER is the key equipment to achieve the operation control and energy management of the energy subnet.
As shown in Fig. 1 , the MER provides five ports, namely Port 1-5, respectively. Port 1 is connected to the distribution grid and can achieve bidirectional power flow. Port 2 is connected to an ES battery for energy management. Port 3 provides a medium voltage (MV) DC bus that gives access to uncontrollable DGs (e.g., photovoltaic and wind power), controllable DGs (e.g., fuel cell), DESs, and MV DC loads (e.g., electrical vehicle). Port 4 can supply power for AC loads or access to a microgrid. Port 5 can supply power for low voltage (LV) DC loads.
The energy subnet framework presented in Fig. 1 is very suitable for low-voltage distribution network, and its attractive characteristics are as follows:
1) Based on the MER, power consumers can obtain AC-DC hybrid power in multiple voltage levels. Though only three buses are shown in Fig. 1 for the sake of brevity, the MER can provide more AC and DC buses in different voltage levels according to the actual need.
2) A common MV dc bus is provided for the plug-andplay access of DGs and DESs. In this way, the structure and control can be greatly simplified for converters of DGs and DERs, since there is no need for these converters to consider the grid-connection problem.
3) The energy subnet can be controlled and managed uniformly by the MER with high integration of information flow and electric power flow. The fault and interference between the grid side and the user side are isolated by the MER. When the distribution grid fails, the regular operation of the energy subnet can be maintained by the ES battery, thus the power supply reliability can be guaranteed.
B. MER STRUCTURE
As shown in Fig. 2 , the MER consists of five parts: gridconnected part, ES part, MV DC part, AC part, and LV DC part. Considering the application of MER for power consumers in low-voltage distribution network, no isolation transformer is used between grid-connected part and AC part, so as to reduce the device volume and cost.
In the MER, grid-connected part is composed of a filter and an AC/DC converter to realize bidirectional power flow between a 380 V distribution grid and the MER. ES part comprises a DC/DC converter and filter inductance, and it is an essential part to achieve the energy management and high power supply reliability. MV DC part consists of some support capacitors, and supplies 750 V DC port which can realize the access of DGs, DESs, and loads. AC part consists of a DC/AC converter and filters, which is in charge of providing three-phase four-wire 380 V AC output for loads or connecting to a microgrid. LV DC part is made up of a DC/DC converter (or a DC/AC/AC/DC converter) and filters to supply 48 V DC power.
III. CONTROL STRATEGY OF MER
It is the most basic requirement for the MER to ensure regular operation and realize reliable power supply. Since the MER can operate in different modes, corresponding control strategies should be employed based on the operation modes.
A. OPERATION MODE CLASSIFICATION
For the MER, there are four operation modes, including standby mode, grid-connected mode, islanded mode, and fault mode. The transition relationships between these operation modes are shown in Fig. 3 . Grid-connected mode and islanded mode are corresponding to the situation when the MER is working, while standby mode and fault mode are corresponding to the situation when the MER is halted.
In standby mode, the MER pauses and waits a start command. After startup process, the MER will work in grid-connected mode if the distribution grid is normal, or in islanded mode if the distribution grid fails.
In grid-connected mode, the port of grid-connected part is connected to the distribution grid, and the controller of gridconnected part is responsible for the voltage stability of MV DC link. The controller of ES part is aimed to obtain the desired charging/discharging state of energy battery, according to the designed energy management strategy. In islanded mode, the port of grid-connected part is closed, and the controller of ES part is in charge of the voltage stability of MV DC link. There are two situations that cause a switch from grid-connected mode to islanded mode. One situation is called ''passive islanding'' when a failure occurs in the distribution grid, the other situation is called ''active islanding'' when an islanded command is sent out.
If a local fault occurs in AC part, ES part, or LV DC part, the MER will just block the fault part while the other normal parts will be unaffected. However, when an intolerable fault (e.g. overvoltage of MV DC bus, over temperature of radiator) is detected, the MER will enter fault mode and the protection system will take action to block all the ports of the MER. In fault mode, the MER will not enter standby mode unless the fault is cleared and a reset command is received. It should be noted that the permissible fluctuation range of MV DC voltage is large enough (e.g., 0.9∼1.1 times rated voltage) to ensure that the MVDC voltage fluctuation will not exceed it in normal situations.
B. MAIN CONTROL STRATEGY
The detailed main circuit configuration of MER and the corresponding main control strategy are illustrated in Fig. 4 . As mentioned previously, there are five parts in the MER, and four converters are employed to guarantee regular operation. Since the MV DC bus decouples the other parts, the controllers of four converters are relatively independent. A threephase half-bridge voltage source rectifier (VSR) with pulse width modulation (PWM) is employed in grid-connected part, and the DC side of VSR is connected to the MV DC part. A bidirectional DC/DC converter is selected in ES part to achieve the charge and discharge process of the ES battery. AC part adopts a three-phase four-leg inverter so as to supply power under unbalanced load condition, and LV DC part chooses a half-bridge DC/AC/AC/DC converter for its simplicity and economy in low-voltage small-capacity applications.
In grid-connected part, as shown in Fig. 4(a) , the double closed-loop controller is employed in the three-phase PWM rectifier to maintain MV DC voltage at the rated value while getting sinusoidal input currents, including the outer loop for MV DC voltage and inner loop for grid currents which are converted into synchronous rotation d/q coordinate system. The reference value of the input current q-axis component i * sq is set to zero by default to realize unity power factor, which is also allowed to be modified according to the desired power factor angle, so as to produce controllable reactive power.
In AC part, as shown in Fig. 4(b) , the control strategies are different from the selected mode. If AC part works in V-f mode, the controller will comprise the root mean square (RMS) loop and phase angle loop for each phase voltage to supply the three-phase sinusoidal output voltages with constant frequency and constant amplitude, and the fourth leg will be controlled by high frequency PWM signals with 50% duty cycle to deal with unbalanced load. In this mode, if a microgrid is connected to the port of AC part, the grid-connected converter of microgrid is required to track the voltages generated by AC part. If AC part works in P-Q mode, AC part needs to track the voltages of the microgrid, and the closed-loop controller including d-axis and q-axis current loops is employed with current feed-forward decoupled mode to control the active power and reactive power at given values.
In ES part, as shown in Fig. 4(c) , the bidirectional DC-DC converter in ES part adopts the two-switch mode where the upper and lower switch tubes are driven by complementary signals, since the two-switch mode is suitable for the applications where the power direction may change frequently. There are different control objectives for the controllers of ES part in grid-connected mode and islanded mode, and the bidirectional power flow is achieved by controlling the ES inductor voltage. In grid-connected mode, closed-loop control of ES inductor current is employed, and the ES battery charging/discharging current reference value is obtained by energy management strategy which will be discussed in later chapter. In islanded mode, ES part will replace gridconnected part to maintain the MV DC voltage at rated value, and the controller includes the outer MV DC voltage loop and inner ES inductor current loop.
In LV DC part, as shown in Fig. 4(d) , the upper and lower bridge arms are switched on and switched off alternately with the same duty cycle, and the controller maintains the LV DC voltage at rated value by changing the duty cycle.
C. MODE SWITCH STRATEGY
It is significant for the MER to achieve seamless transition between grid-connected mode and islanded mode. Unlike traditional microgrid [28] , the MER allows power consumers to obtain AC power from the port of AC part, rather than the port of grid-connected part. If the MER switches from grid-connected mode to islanded mode, grid-connected part will be closed until the MER switches to grid-connected mode again. An advanced compensation strategy is employed to achieve seamless transition between grid-connected mode and islanded mode.
While the MER is switching from grid-connected mode to islanded mode, the stability of MV DC voltage will be controlled by the converter in ES part. To avoid the impacts on battery current and MV DC voltage during transition, voltage loop and inner current loop of ES part are calculated in advance, which can be expressed as (1) and (2), respectively.
where the I switch and D switch are the theoretical regular output values of the PI controllers in the outer MV DC voltage loop and inner ES inductor current loop, respectively. U bat and U MD are the average voltages of ES battery and MV DC part during the mode switching process, respectively. P switch is the net consumption power at the switching moment, which is equal to the difference between total load consumption power (from Port 3, Port 4 and Port 5) and total DERs generation power (from Port 3 and Port 4). It should be noted that the variation of DERs generation power is not considered in the mode switch strategy, since the time scale of mode switching process is much smaller than that of DERs generation power variation. Thus, it can be considered that P switch is constant during the mode switching process. After calculation, the I switch and D switch are set as the initial output values of the PI controllers in the outer MV DC voltage loop and inner ES inductor current loop at the moment of switching, respectively.
While the MER is switching from islanded mode to grid-connected mode, the stability of MV DC voltage will be controlled by the converter in grid-connected part. The converter in grid-connected part should be synchronized with the distribution grid and then the grid-connected part controller starts working [29] , while the ES part controller switches to zero power transmission temporarily. To avoid the impacts on grid current and MV DC voltage during transition, the theoretical steady state output value of PI controllers in outer voltage loop and inner current loop of grid-connected part are calculated in advance. Taking the d-axis of the rotating coordinate system coincide with the three-phase grid voltage synthesis vector, and we can get (4) and (5) as (6) and (7), respectively. Then, (8) and (9) can be derived from (6) and (7) . 
IV. ENERGY MANAGEMENT STRATEGY OF MER
In this section, the power flows in the grid-connected mode and islanded mode will be discussed, and the energy management strategy for grid-connected mode will be introduced in detail.
A. DISCUSSION ON POWER FLOWS
The possible power flows of MER in grid-connected mode and islanded mode are shown in Fig. 6(a) and Fig. 6(b) , respectively.
There are six cases (Case 1-6) of power flow directions in grid-connected mode, and the distinctions among the six cases are the different power flow directions of the grid-connected part power (P GC ) and ES part power (P ES ), which mainly depend on the SOC of ES battery (SOC ESB ), the electricity price of distribution grid (EP), and the difference between the total load demand (P Load ) and DER output (P DER ). For convenience of explanation, taking the direction of inflow into the MER as the positive direction.
Taking the P Net as the net output power, which can be expressed as (10) .
where the P Load is added by the load consumption from MV DC part (P MD ), AC part (P AC ), and LV DC part (P LD ). P DER is added by the overall DGs output (P DG ), DESs power (P DES ) and microgrid power (P MG ). It should be mentioned that due to the high operating and on/off cost, the fuel cell will not be used in grid-connected mode. Because the active power is balanced in the MER-based energy subnet, we can get
The six cases of power flow directions in grid-connected mode are described in Table 1 .
The typical examples shown in Table 1 take into account the P Net , EP and SOC ESB . For example, in Case 1, P Net < 0 means the load consumption is more than the power generated by DERs. Meanwhile, both EP and SOC ESB are relatively high. Then the ES battery should discharge to reduce the electricity bill. Table 1 will guide the formulation of energy management strategies in grid-connected mode.
In islanded mode, the ES battery is responsible for the active power balance of the MER-based energy subnet. Similar to (11), we can get
If P Net < 0, it means that the ES battery is required to compensate the deficient power. In order to avoid the over discharge of battery, the fuel cell will supply power and the IPSs connected to non-essential loads will be disconnected if SOC ESB is below the lower threshold.
If P Net > 0, it means that there exist excess power to charge the ES battery. In order to avoid the over charge of battery, the IPSs connected to DGs will be disconnected if SOC ESB is above the upper threshold.
B. ENERGY MANAGEMENT STRATEGY FOR GRID-CONNECTED MODE
In grid-connected mode, the energy management strategy is aimed to prolong battery life, improve economic benefits of power consumers, and smooth fluctuations of renewable energy production or load consumption. Based on Table 1 , the desired charging/discharging current demand of ES battery (I ESB ) will depend on the three factors: SOC ESB , EP, and P Net . For convenience of analysis, assuming that both the purchasing electricity price and the selling electricity price are EP, and I ESB is positive when the ES battery discharges.
It is suitable to use fuzzy control [23] for the energy management strategy with multiple control objectives that are mutually restrictive. Therefore, a FLC is used to figure out the I ESB . Considering that the rules of fuzzy controllers with more than two input variables are complex, it is expected to find a variable that can represent both EP and P Net . According to (11) , −P ES − P Net is equal to the grid transmitted power P GC in steady state. Considering that EP times P GC to get unit-time electricity charge (EC unit ) of MER from the distribution network, which can reflect the economic benefits of power consumers and characterize the effects of EP and P Net on I ESB . For the purpose of calculating convenience, the normalized method is used to map EP and −P ES − P Net to the region [0, 1], then EC unit can be expressed as (13) .
where the EP min and EP max are the minimum and maximum electricity price over a day, respectively. P Rate is the rated capacity of grid-connected part. It should be noted that the reason why P GC is not used in (13) directly is that −P ES − P Net can contribute to smooth the fluctuations of renewable energy production or load consumption. If P Net changes, it will be reflected in EC unit . Through the FLC, P ES will change in the opposite direction to compensate the variation of P Net , thus suppressing power fluctuation on the grid side.
In the FLC, set SOC ESB and EC unit as the two input variables, and I ESB as the output variable. The range of SOC ESB , VOLUME 7, 2019 EC unit , and I ESB are shown in (14) .
It should be noted that 50% is greater than the minimum allowable threshold of SOC ESB , so as to ensure sufficient remaining capacity of ES battery to maintain the regular operation of MER when switching to islanded mode.
The membership functions of the input variables and output variable are shown in Fig. 7 . Hereinto, five grades are employed to describe the input variables: L (low), SL (slightly low), M (medium), SH (slightly high), H (high). Meanwhile, seven grades are employed to describe the output variable: NB (negative big), NM (negative medium), NS (negative small), ZO (zero), PS (positive small), PM (positive medium), PB (positive big). Table 2 shows the fuzzy control rules, which are designed according to the following basic criterions: 1) When SOC ESB is high, the charge of battery is not allowed. When SOC ESB is low, the discharge of battery is not allowed.
2) When EC unit is high, the power transmission from the MER to the distribution grid should be encouraged, and the charge of battery is not allowed. When EC unit is low, the power transmission from the distribution grid to the MER should be encouraged, and the discharge of battery is not allowed. 3) When P Net > 0, the priority should be given to deliver surplus power to the distribution grid for economic benefit. Therefore, Table 2 is designed asymmetrically.
V. SIMULATION AND EXPERIMENTAL RESULTS

A. SIMULATION
In order to verify the proposed control and energy management strategies, a MER simulation model is established in MATLAB/SIMULINK, as shown in Fig. 8 . The main circuit of the model is the same as that shown in Fig. 4 . The ES battery adopts the lithium battery model, and the DGs employs the photovoltaic (PV) model, which consists of PV cells and a boost converter. Maximum power point tracking (MPPT) control algorithm is used in the PV model to fully utilize the PV output power. The main parameters are shown in Table 3. 1) Case 1: In this case, the effectiveness of mode switch strategy as well as the dynamic response of each port output when PV output power or load consumption power varies in a short time is investigated. For simplicity and without loss of generality, step changes of light intensity are used to simulate the variation of PV output power. The light intensity varies from 560 W/m 2 to 480 W/m 2 at 1 s, and to 400 W/m 2 at 2 s. Accordingly, the PV output power varies from 11.8 kW to 9.9 kW at 1 s, and to 8.1 kW at 2 s. The total load consumption power varies from 6 kW to 12 kW at 1.5 s. The distribution grid is set to fail at 0.5 s and recover at 2.5 s, and the battery charging current instruction value is set to 5 A in grid-connected mode. The simulation results are shown in Fig. 9 . As can be seen, when the MER switches from grid-connected mode to islanded mode at 0.5 s, the active power balance of MER is maintained by ES part and the impact of I ESB is very light. When the MER switches from islanded mode to grid-connected mode at 2.5 s, the active power balance of MER is maintained by grid-connected part and the grid current has almost no impact. The transient process of the mode switching is very short and the MV DC-link voltage is unaffected. In addition, the variations of photovoltaic power generation and load power consumption have almost no influence on MV DC-link voltage. The simulation results shown in Fig. 9 validate the effectiveness of mode switch strategy.
2) Case 2: In this case, the effectiveness of energy management strategy for grid-connected mode is investigated. The MER works in grid-connected mode, while the PV output power and load consumption power change randomly over time, and EP (normalization value) varies from 0.7 to 0.3 at 2 s. The FLC employs the fuzzy control rules shown in Table 2 . Fig. 10(a) shows the simulation results when the initial SOC ESB is 80%, and Fig. 10(b) shows the simulation results when the initial SOC ESB is 60%. As can be seen, SOC ESB tend to change to the medium level (70%) for prolonging battery life. When EP and P Net change, the variation of I ESB is in the direction of improving economic benefits and smoothing power fluctuation of DER and load. As shown in Fig. 10(b) , though SOC ESB is low, the priority is given to deliver surplus power to the distribution grid for economic benefit when EC unit is relatively high. The simulation results shown in Fig. 10 validate the effectiveness of energy management strategy for grid-connected mode.
B. EXPERIMENTAL RESULTS
To verify the performance of the proposed control and energy management strategy in the actual device, a MER experimental prototype is designed and implemented, as shown in Fig. 11 . The main circuit of the prototype is the same as that shown in Fig. 4 , and the main parameters are the same as that shown in Table 3 . As shown in Fig. 12 , a programmable power supply device is employed to simulate renewable energy generation access to the MER. The laboratory test circuit is shown in Fig. 13 . Fig. 14 shows the MER experimental waveforms in steady state with 30 kW rated load. As shown in Fig. 14 , the sinusoidal input currents and unity power factor are achieved, and the voltages of MV part, LV part, and AC part are maintained at each rated value, respectively. Fig. 15 shows the MER experimental waveforms when switching on the 30 kW rated load. As shown in Fig. 15 , though 30 kW load is switched on, the MV DC-link voltage has a minor fluctuation and restores stability quickly, and the voltages of AC part and LV DC part are unaffected. Fig. 16 shows the MER experimental waveforms when the AC part is connected to a microgrid. As shown in Fig. 16 , the microgrid input 7.5 kW active power to AC part while the MV DC part supply for 4.5 kW load, and the surplus power 3 kW is transmitted to the distribution grid. Fig. 17 shows the MER experimental waveforms when switching between grid-connected mode and islanded mode. As shown in Fig. 17 , during the transition from grid-connected mode to islanded mode, the ES part replaces the grid-connected part to control the MV DC-link voltage, and the impact of ES battery current is very light. And during the transition from islanded mode to grid-connected mode, the grid-connected part replaces the islanded part to control the MV DC-link voltage, and the grid input currents have no impact. The voltages of MV DC part, AC part, and LV DC part are unaffected during the mode transition. The experimental results shown in Fig. 17 validate the effectiveness of mode switch strategy. Fig. 18 shows the MER experimental waveforms under different input reactive power instruction values when the MER is in no-load condition. As shown in Fig. 18(a) , the input reactive power instruction value is set to −14 kVar, and the grid current leads the grid voltage by 4.89 ms (88 • ). As shown in Fig. 18(b) , the input reactive power instruction value is set to 14 kVar, and the grid current lags the grid voltage by 5.06 ms (91 • ). The experimental results shown in Fig. 18   FIGURE 17 . Experimental waveforms when switching between grid-connected mode and islanded mode. demonstrate that the MER has the function of reactive power compensation. Fig. 19 shows the MER experimental waveforms when the programmable power supply device is connected to the MV DC part. It should be noted that a filter (f c = 100 Hz) is added to the recording channel of ES battery current so as to see the current variation more intuitively. By importing the experimental data into MATLAB/SIMULINK for processing, the corresponding power curves of grid-connected part, ES part, and MV DC part are plotted in Fig. 20 . For simplicity, the step changing output power from the programmable power supply device is used to simulate the VOLUME 7, 2019 fluctuation of renewable energy generation (e.g. PV output with varying illumination intensity), and the ES battery voltage is employed to replace SOC ESB as an input variable of the FLC mentioned previously. Fig. 19(a) shows the experimental waveforms when the initial SOC ESB is relatively high (the initial open circuit voltage of battery is 216 V). The MV DC port is connected with 4.1 kW load at first, and the programmable power supply device starts to produce step changing output power at t 0 . As shown in Fig. 20(a) , the net output power varies from −4.1 kW to 2.6 kW step by step and then back to −4.1 kW step by step again, and the ES battery power changes in the direction of smoothing the fluctuation of renewable energy generation. At t 1 , EP is set to vary from 0.6 to 0.8, and it can be seen that the ES battery charging power is reduced to improve economic benefits.
For a comparison, Fig. 19(b) shows the experimental waveforms when the initial SOC ESB is relatively low (the initial open circuit voltage of battery is 202 V). Except for the initial SOC ESB , the other experimental conditions are the same as those described for Fig. 19(a) . Comparing Fig. 20(a) and Fig. 20(b) , it can be seen that the ES battery in low SOC ESB state increases charging power and decreases discharging power compared with that in high SOC ESB state, so the SOC ESB can be maintained within a reasonable range. The experimental results shown in Fig. 19 and Fig. 20 validate the effectiveness of energy management strategy for grid-connected mode.
VI. CONCLUSIONS
This paper introduces a MER which is applicable for lowvoltage distribution network. The MER has lots of advantages, including the plug-and-play access of DERs and loads, various forms of electric energy, unified control and management of the MER-based energy subnet, high power supply reliability, fault isolation between the grid side and the users side, etc. Corresponding coordinated control strategies are developed to guarantee the regular operation of MER, and to achieve seamless transition between grid-connected mode and islanded mode. The energy management strategies are proposed for grid-connected mode to obtain the desired charging/discharging state of energy battery by a FLC, which is aimed to prolong battery life, to improve economic benefits of power consumers, and to smooth fluctuations of renewable energy production or load consumption. The simulation and experimental results have validated the coordinated control and energy management strategies.
The implementation of an MER experimental prototype proves that the MER is applicable for low-voltage distribution network. With the reduction of device volume and cost, it is promising to achieve the widespread application of MER in low-voltage distribution network, which will be an essential step for future EI construction. His research interests include power electronics, power systems, and real-time emulation platforms. VOLUME 7, 2019 
